Human granulosa cells were maintained in culture with extracellular matrix in the presence or absence of human chorionic gonadotrophin (HCG) using a defined culture medium. Such cultures are maintained by gonadotrophin in a manner suggesting that features of 'luteal rescue' may be occurring in vitro. Western analysis of culture medium demonstrated that the granulosa cells produced tissue inhibitor of metalloproteinases (TIMP)-1 but not TIMP-2. The presence of TIMP-1 in cultured cells was also detected immunocytochemically. Immunoassay of TIMP-1 output revealed that HCG exposure for 7 days caused a 2-fold increase in TIMP-1 production versus control reaching maximum at approximately 1 ng HCG/ml. The sensitivity of this response to HCG was similar to that observed for stimulation of progesterone production. Delayed addition of HCG, from day 4 of culture, elicited increases in TIMP-1 which were evident within 24 hours, and were not explained by changes in cell replication or survival. Removal of HCG from cultures previously luteinized with HCG for 6 days resulted in a fall in TIMP-1 production. Thus TIMP-1 production by luteinized granulosa cells in culture is gonadotrophin dependent. We speculate that prolonged cellular function associated with 'luteal rescue' may result from increased extracellular matrix stability mediated by upregulation of TIMP-1 production.
Introduction
human corpus luteum is located predominantly in the granulosa-derived cells. This is consistent with the prevalence of The human corpus luteum, functional within the luteal phase TIMP-1 mRNA in human granulosa cells (see above), and the of menstrual cycles, undergoes luteolysis unless it is rescued observed production of TIMP-1 protein by human granulosa by human chorionic gonadotrophin (HCG) in early pregnancy. cells in culture (Morgan et al., 1994) . Although the molecular processes involved in luteal rescue Potential physiological changes in luteal TIMP-1 production, are not clear (reviewed by Behrman et al., 1993) , there is perhaps related to luteolysis or support by gonadotrophin, evidence that increased stability of extracellular matrix may require further exploration. We know that the post-ovulatory play a role in HCG action in vitro (Aston et al., 1996a,b;  establishment of the corpus luteum, itself under the control of Stamouli et al., 1996) . The control of extracellular matrix gonadotrophin in many species, must involve substantial updegradation in corpus luteum may be mediated via release of regulation of TIMP-1 expression. This is implied by the very matrix metalloproteinases (MMPs) by luteal cells (discussed high degree of TIMP-1 expression in corpus luteum compared by Luck, 1994) . The activity of MMPs within a tissue will be with that of pre-ovulatory structures (e.g., Nomura et al., determined by their rate of release as pro-enzymes, their 1989), and confirmed by in-vitro studies showing that TIMP activation or the extent of their inhibition by tissue inhibitors production by pre-ovulatory granulosa cells is responsive to of metalloproteinases (TIMP-1, TIMP-2 or TIMP-3). Clearly luteinizing hormone (LH) (Mann et al., 1991) . Once estab-HCG could bring about increased matrix stability by either lished, the ovine corpus luteum appears to synthesize TIMPdecreasing MMP production/activation (Stamouli et al., 1996) 1 by a mechanism which is unresponsive to gonadotrophins or by increasing TIMP concentrations, or both.
( Smith and Moor, 1991) . Similarly, the amounts of TIMP-1 in It is well established that TIMP-1 is highly expressed at human corpus luteum in vivo appear to be unresponsive to the mRNA level in murine (Nomura et al., 1989) , bovine administered HCG (Duncan et al., 1996b) . However, other (Freudenstein et al., 1990) , porcine (Tanaka et al., 1992) and work in the pseudopregnant rat (Nothnick et al., 1995) and human (Duncan et al., 1996b) corpus luteum as well as in bovine corpus luteum (Juengel et al., 1994) suggests that there preparations of luteinized human granulosa cells (Curry et al., may be changes in TIMP-1 production relating to luteal 1990; Rapp et al., 1990) . This is consistent with the observation function. A preliminary report (Duncan et al., 1996a ) also in sheep that TIMP-1 protein is produced in large amounts by suggests that luteal regression in marmosets is associated with luteal cells (Smith and Moor, 1991) . The work of Duncan decreased expression of TIMP-1. The present study is designed to re-examine the control of et al. (1996b) clearly shows that TIMP-1 production in the for 10 min) and the tube placed on ice for 10 min. The supernatant TIMP-1 production by human luteinized granulosa cells using was removed, 1 ml of cold Matrigel added, and the mixture aspirated a quantitative immunoassay now available commercially, gently using a narrow bore plastic pasteur pipette avoiding frothing.
extending the work of Aston et al. (1996b) . Furthermore, an Aliquots of 15 µl of the mixture were placed in the culture plate (2 in-vitro model system has allowed the assessment of TIMP-1 aliquots/well; total cellular DNA/well, approximately 1 µg) which output by cells, an indicator of HCG action on luteal function was then incubated for 15 min at 37°C in an humidified environment which could prove more responsive than changes in tissue with 5% CO 2 in air) allowing the gel to set. Culture medium was concentrations of the inhibitor measured previously (see then added (total incubate volume excluding the gel, 1 ml), the above). Our quantitative measurements of TIMP-1 output 'blobs' of gel remaining firmly fixed to the wells. All experiments by human luteinized granulosa cells point to a potential were performed using both methods of culture except where cells responsiveness to gonadotrophin.
were to be used for immunocytochemistry, where only surface cultures were performed to avoid the problem of impeded penetration of antibodies through the gel.
Materials and methods
Cultures were maintained in 5% CO 2 in air in humidified chambers in the presence or absence of HCG (8000-10 000 IU/mg; Sigma, Patients Poole, UK), and medium changed regularly as indicated in the figure Follicular aspirates were obtained at ovum collection for IVF accordlegends, before storage at -20°C for later assay of progesterone and ing to a procedure approved by our local ethical committee. The TIMP. Morphology of the surface cultures has already been described treatment protocol, described in detail by Jenkins et al. (1991) , (see above). The granulosa cells held within the gel cultures had a involved down-regulation of pituitary function with gonadotrophin uniformly rounded appearance which was well maintained particularly releasing hormone analogue (buserelin: 200 µg intranasally thrice in the presence of gonadotrophin (this will be reported separately). daily) started in the luteal phase of the preceding cycle. From day 4
A study was undertaken in which fluorescent-labelled gelatin was set of the IVF cycle, 4 ampoules of human menopausal gonadotrophin within the gel and allowed to diffuse into the surrounding culture were administered daily (each ampoule: 75 IU FSH and 75 IU LH).
medium. This occurred within 2-3 h, suggesting a rapid exchange of When the leading three follicles had a diameter of ജ18 mm and soluble components between the gel and the medium. serum oestradiol concentration was Ͼ300 pM for each follicle Ͼ14 mm in diameter, HCG (10 000 IU) was given and oocytes were DNA assay collected 34 h later under transvaginal ultrasound guidance. Follicles
For surface cultures, culture medium was removed and DNA assay aspirated were Ͼ15 mm in diameter.
buffer (1ml) was added to each well. The cells were then scraped directly from the culture surface into the buffer using the plunger of Granulosa cells a plastic 1 ml syringe. The gel cultures were gently dislodged into Follicular aspirates and washes were combined and granulosa cells ice-cold Dulbecco's phosphate-buffered saline (PBS) (without calcium prepared as previously described (Richardson et al., 1992) . Each or magnesium) containing 5 mM EDTA, left on ice for 1-2 h to experiment refers to work carried out with cells from an individual allow the gel to dissolve (Schuetz et al., 1988) , before centrifugation patient. Briefly, the preparation involved enzymic dispersion and and resuspension in DNA assay buffer. Cell extracts from all cultures centrifugation over 45% Percoll ® (Pharmacia, Milton Keynes, UK)
were sonicated before assay for DNA by the method of Labarca and to remove red blood cells. The medium used throughout was a Paigen (1980), using calf thymus DNA as standard. mixture (50:50) of Ham's F12 and Dulbecco's modified Eagle's medium supplemented with glutamine (2 mM), penicillin (100 000
Progesterone assay U/l), streptomycin (100 mg/l), amphotericin (0.25 mg/l), insulin (6.25
Progesterone was assayed in culture medium using an automated, mg/l), transferrin (6.25 mg/l), selenious acid (6.25 µg/l), bovine serum solid-phase, chemiluminescent enzyme immunoassay (Immulite Anaalbumin (1.25 g/l) and linoleic acid (5.35 mg/l). Cells were counted lyser System; Diagnostic Products Corporation, Llanberis, UK). Over using a haemocytometer and viability (which was routinely Ͼ90%) a working range of 20-120 nM, the intra-and inter-assay variations assessed by Trypan Blue exclusion.
were Ͻ7% and Ͻ12% respectively. Samples from one experiment Cells were established in culture in 24-well plates with an extracelluwere always run as one batch. lar matrix preparation (Matrigel ® ; Stratech, Luton, UK) providing cell-matrix contact with a range of components present in basement TIMP-1 assay membrane including laminin, collagen type IV and proteoglycans TIMP-1 was assayed in culture medium using ELISA kits purchased (Kleinman et al., 1982) . Two methods were used. Firstly, 'surface' from Amersham International (Little Chalfont, UK). Over a working cultures were established on a thin layer of Matrigel. A diluted, cold range of 3-50 ng/ml, the intra-and inter-assay variations were Ͻ10% preparation of matrix (40 µl of a 1:1 mixture with culture medium) and Ͻ15% respectively. Samples from each experiment were run as was used to coat wells with the plate on ice. Excess Matrigel was a single batch. The assay recognises total human TIMP-1 (i.e. free removed, the plate incubated at 37°C for 30 minutes, and cell TIMP-1 and that complexed with metalloproteinases), and does not suspension added (incubate volume 1 ml containing approximately cross react with TIMP-2. 2-5 µg of cellular DNA). Using this system we have previously shown that granulosa cells come together in clusters of rounded cells Western analysis (Aston et al., 1996a) , probably gathering matrix around them as they roll together. Because the layer of Matrigel can vary in thickness Samples of culture medium (0.5 ml) were concentrated approximately 10-fold using Ultrafree-MC ® filter units (Sigma). A total of 15 across the surface of the well, it is possible that the availability of matrix to cells may be variable using this method. In order to µl aliquots of these, molecular weight markers (Bio-Rad, Hemel
Hempstead, UK) and 0.2 µg TIMP-1 standard (Calbiochem, Notovercome this problem, a second method has been developed where cells are set within the gel maximising cell-matrix contact for all tingham, UK) were subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis using 8% resolving gels. Proteins were cells in the culture. These 'gel' cultures were established as follows. that for the gel system although they were more variable ium iodide (2.5 mg/l) before mounting (Ockleford et al., 1981) .
between experiments. In total, a series of eight separate
Preparations were examined using a Leica TCS 4D confocal scanning experiments utilizing the two culture variants showed a consistmicroscope, with a krypton/argon laser as excitation light source ent stimulatory effect over the dose range of HCG used. Figures 3 and 4 were derived from representative experiments replicated separately on two further occasions.
Statistics
For Figure 2 , data was inspected by ANOVA prior to evaluation of individual comparisons by Student's t-test for paired values.
Discussion
The observation that human luteinized granulosa cells produce
Results
TIMP-1, recognisable in culture medium by Western analysis (Figure 1a ), is consistent with earlier work showing high Figure 1 establishes immunologically the presence of TIMP-1 in medium and cells from the granulosa cell culture system. expression of mRNA for TIMP-1 in human granulosa cells (Curry et al., 1990; Rapp et al., 1990) and their production of Thus Western analysis of medium from gel cultures ( Figure  1a) showed a protein band staining specifically for TIMP-1 TIMP protein in vitro (Morgan et al., 1994 ; initial studies in our laboratory, Aston et al., 1996b) . Our work also agrees migrating to a position similar to that of commercially available synthetic TIMP-1. Exposure of the granulosa cells to HCG with an observed immunocytochemical localization of TIMP-1 in granulosa-derived cells of human corpus luteum (Duncan (10 ng/ml) led to more intense staining of the TIMP-1 bands compared with those derived from media from control cultures et al., 1996b) , and the general abundance of TIMP-1 expression in corpora lutea of a range of species (see Introduction). The suggesting that HCG up-regulated TIMP-1 production. Western analysis for TIMP-2 showed no positively stained bands (data prevalence of TIMP-1 expression in the large, presumed granulosa-derived, cells of the ovine corpus luteum (Smith with the work of Duncan et al. (1996b) showing that the expression of TIMP-1 was uniform within the granulosa lutein et al., 1994; McIntush et al., 1996) parallels the studies in women. TIMP-2, however, also expressed in large steroidogcells of the human corpus luteum. It is worth emphasising that our quantitative studies (Figures enic cells of the ovine corpus luteum, was not synthesized in detectable amounts by human granulosa cells in the present 2 and 3) were carried out using an immunoassay that recognised both free and metalloproteinase-bound TIMP-1. The previous study. The immunocytochemical study (Figures 1b-1d) confirmed the presence of TIMP-1 in the cultured granulosa cells study by Morgan et al. (1994) on human granulosa cells used an enzyme inhibition assay which may have detected only free and established that the inhibitor was not being synthesized by a minority contaminant cell population. This is consistent TIMP. Furthermore, it could be argued that the Western analysis from some cultures at the medium change on day 6 and these were continued maintained in 'gel' culture. Medium was changed on days 2, 4 and 6 before without gonadotrophin (d-d). For comparison, other cultures were continued a final 24 h culture period after which medium was removed for assay. Values in the presence of 10 ng/ml HCG (s-s). for progesterone and TIMP-1 production were expressed per unit of cellular DNA measured at the end of culture for each concentration of gonadotrophin, and then given as a percentage of the maximum value in each experiment. Means (with SEM) for four separate experiments are plotted. Significance assay for TIMP-1 used by Duncan et al. (1996b) was not fully versus control: * ϭ P Ͻ0.05; ** ϭ P Ͻ0.01 (Student's t-test for paired values).
quantitative. Using the ELISA described, the present study demonstrates clearly that TIMP-1 production by human luteinized granulosa cells is responsive to gonadotrophin. The effect of HCG was not due to gonadotrophin-induced changes in cell number as outputs of TIMP-1 were corrected for amounts of cellular DNA in cultures at each sampling time and condition. Furthermore, HCG does not cause overall increases in cellular DNA in this culture model (Aston et al., 1996a) . The finding that, both on a dose-response and time-course basis, effects of HCG on TIMP-1 and progesterone followed a similar pattern suggests some commonality in their regulatory pathways.
There is little doubt that there is a substantial switch to TIMP synthesis associated with the post-ovulatory establishment of early luteal function (see Introduction). This up-regulation of TIMP-1 production could be a direct effect of the ovulatory gonadotrophin surge. This is illustrated by measurements of raised ovarian TIMP mRNA values following HCG administration to pre-ovulatory rats (Mann et al., 1991; Reich et al., 1991) , and by work showing a 20-fold increase in the expression of TIMP-1 mRNA in pre-ovulatory ovine follicles following an induced gonadotrophin surge (Smith et al., 1994) . Moreover, direct addition of LH to cultures of rat granulosa cells clearly elevated TIMP production in a dose-dependent manner (Mann et al., 1991) . In view of these clear results, it is somewhat surprising that Morgan et al. (1994) did not find that TIMP production by human granulosa cells was responsive to gonadotrophin, an observation which contradicts the present study. Our suggestion is that the very short 24 h cultures used by Morgan et al. did not provide sufficient time for the in-vivo other species suggests that human granulosa cells respond directly to gonadotrophin by up-regulating TIMP-1 production
